The properties of anodic passive films potentiostatically formed on polycrystalline gold in aqueous phosphate solutions were studied using voltammetry, electrochemical impedance spectroscopy, and contact angle measurements. The nature of the gold oxide layer was analyzed as a function of a potential holding in the aqueous double layer charge region at the interface between gold and the aqueous layer confined by insoluble organic solvents (hexane, chloroform, anisole, butyl acetate, xylene, and isopropyl ether). Different growth conditions change the homogeneity of the oxide layer leading to different passive properties. A synergetic effect on the gold oxidation of hydrogen dissolved in both the bulk metal and the confined aqueous layer is discussed.
INTRODUCTION
Gold and gold nanoparticles are employed either as substrate or additive in electrochemical sensors in order to improve the analytical selectivity of membranes. On the other hand, drops of organic solvents immiscible in water work as template for the production of gold nanoparticles [1] [2] [3] [4] [5] . Besides, the contact angle (CA) of captive drops (CD) allows evaluation of the surface energy, as in the case of nanofiltration, and the development of less fouling membrane materials [6] [7] . The CD technique involves placing bubbles or droplets against a solid surface where they are held captive in a cell filled with some immiscible fluid. The effect of the electrochemical potential on the surface properties of electrodes and membranes can be measured "in situ". Under these conditions the complete hydration of the surface avoids hydrophobic contributions to the surface tension produced by adsorbed air or empty vacuoles [8] [9] [10] . This paper investigates the effect of the applied potential program on the structure of oxide films formed on gold using voltammetry, electrochemical impedance spectroscopy (EIS) and CA measurement. The anodization is carried out in both phosphate solutions at pH 6.7 and in the same electrode in contact with the confined water layer forms when the metal is covered by several organic immiscible solvents.
The comparison of the capacitance obtained in different growth conditions contributes to providing a deep insight into the different processes involved in the catalytic behavior of this complex interface.
EXPERIMENTAL
The experimental set-up has been described in previous works [11] [12] [13] .
Polycrystalline gold rods (99.999% purity, area 0.5 cm The fresh polished electrode dipped in the cell was scanned by five cycles from the potentials E c= 0.04 V up to E a= 1.7 V at a sweep rate v = 0.1 V s -1 followed by a holding at open circuit E oc= 0.6 V.
In the case of CA measurements a drop of solvent was introduced in the cell at E oc using a micro syringe and the image of the bubble was registered by optical magnification. The CA was then calculated by the programme ImageJ and an appropriate subroutine plug-in [14] [15] [16] [17] . Finally, several measurements were performed holding at different potentials in the 0.04 V ≤ E ≤ 1.2 V potential range for 5 min and during the growth of the gold oxide monolayer at 1.7 V.
The impedance measurements were carried out using a Zahner Im6d. EIS were started in the frequency range of 65 kHz ≤ ω ≤ 1 MHz at the E oc potential. After a holding of about τ = 20 sec at E= 0.6 V stationary values of the current were obtained. The EIS data and the current i were simultaneously recorded. Similar EIS data were obtained in the double layer potential region and during the growth of the gold oxide monolayer at 1.7 V, starting after a time of τ = 3, 10, and 20 min. Two potential programs were employed. Program 1, labeled "DL holding and 1.7 V" involved successive holds of 10 min in steps of 0.1 V towards cathodic and anodic E potentials in the double layer charge region, that is, in the 0.6 V ≥ E ≥ 0.04 V and then in 0.6 ≤ E ≤ 1.2 V potential regions. Next, the three successive EIS spectra at 1.7 V were taken. Program 2, labeled "OC and 1.7 V": after measuring at E oc = 0.6 V, the three EIS spectra at 1.7 V were taken. La parte de Program 1 estaba igual y para mi no quedaba claro, la redactè nuevamente; redactarìa Program 2 nuevamente tambien como para sacarle los dos puntos Comparative measurements were made with the cycled gold electrode totally covered with a larger drop of the different organic solvents. Fig. 1 shows the simultaneous current, i, and the potential, E, detection during repetitive cycling at 0.1 V/s with the formation (anodic scan peak) and reduction (cathodic scan peak) of the Au 2 O 3 monolayer.
RESULTS

Voltammetric Data
When at the end of the anodic scan the potential is held at E a= 1.7 V, i decreases rapidly in the time τ from 450 µA to less than 20 µA after 20 s (see arrow). During the subsequent cathodic scan, narrower reduction peaks result with only a very small current increase after longer holding times at 1.7 V with τ = 2, 10 and 20 min (dashed curves). show very similar diagrams [18] .
Contact angle measurements
For the electrode initially held at 0.6 V and then at 1.7 V the Nyquist plots show decreasing curvature and this tendency still continues for longer times τ at 1.7 V. The decrease in the curvature is stressed when the electrode remains in the potential region 0.04 V ≤ E ≤ 1.2 V for more than 60 min.
All the impedance experimental data can be well described by the following transfer
where ω = 2πf. The high frequency limit R Ω corresponds to the ohmic resistance of the electrolyte, whereas [CPE] 1 denotes the constant phase element given by
, C 1 is the capacitance at high frequencies, α 1 takes into account the distribution of the time constants due to surface inhomogeneities, and R t1 is the charge transfer resistance probably related to proton reduction [19] . Z' is associated with a diffusion process [13] .
where the diffusion resistance R DO is the limit of Z w (jω) at ω → 0 and the parameter S = . A clear increase in R t1 results during the potential holding at 1.7 V. This effect is stressed when a previous holding in the double layer region is applied (Table 1) . [20] .
The data show a general increase in R t1 and R t2 during the holding time at 1.7 V. The higher values in R t2 can be assigned to the higher passivity of the aged gold oxide patches [18] .
The capacitance C 1 calculated with equation 1 and associated with the loop at higher frequencies show similar values to C 1 obtained in the fittings using equation 1 and 3.
The values are in agreement with previous data reported for gold [18, [21] [22] . The C 2 values obtained for the two peaks fittings are one order of magnitude lower than those of C 1 in agreement with capacitance values obtained for thicker gold oxide layers [18] . The adsorption of aromatic molecules on free gold/ vacuum surface is generally higher than that of aliphatic molecules because of the role played by the interaction of porbitals with metal orbitals, in agreement with the acid-base theory of surfaces (Goodvan Oss) [23] . Therefore, we can assume that the aromatic adsorption in our case is stronger than that with aliphatic compounds. However, the presence of water hinders the adsorption of organics, such as hexane and xylene, which are scantly adsorbed [24] [25] [26] [27] .
Moreover, these investigations show that butyl acetate adsorption in the presence of water is very significant and this organic solvent is used as an efficient ore extracting agent [28] [29] [30] [31] .
As the solid has a preferential affinity for the bulk phase, a thin film of the bulk fluid is retained between the sessile drop and the solid surface [32] . The wetting of the metal surface has long been the subject of much controversy and phenomena of hysteresis may arise due to the presence of this aqueous film. In the case of the air/gold/liquid interface, different CA vs. E data can be obtained in only one experiment when starting the procedure at E oc . The meniscus rise can be then measured at potentials gradually different than E oc in either cathodic or anodic direction from E oc [33] . A period of about 2 min was required to achieve a constant and reproducible reading at each potential.
More evidence of the strongly adsorbed layer of confined water is found through the CA experiments (Fig. 2) . Practically no changes in CA were detected as a function of the applied potential for the different solvents. Even after polarization at 1.7 V no significant change in the contact angle was observed for drops of the various solvents.
Only in the case of anisole, and after holding times longer than 10 min at 1.7 V, a decrease higher than 10 degrees in CA is detected. However, this effect depends also on the previous holding time at the 0.04 V ≤ E ≤ 1.2 V potential range and the hysteresis effects seem to be higher than those detected for the air/gold/liquid interface.
The Laplace equation can be applied to obtain the ideal shape of the drop in practical systems when the gravity has some perceivable effects. The value E öt, of the Eötvös number Eo below which a standard deviation equal or higher than one degree occurs in the contact angles can be calculated as a function of the contact angle. E öt decreases exponentially for increasing contact angles. This shows that the difference of the contact
angles measured with the spherical fitting and at the foot drop increases both for Eo > E öt and for increasing contact angles [34] .
It should be noted that the Eötvös number is defined as Eo= R 2 ∆ρ g/ 2 γ, with γ = interfacial tension, ∆ρ = density difference between the two phases, g= acceleration due to gravity, and R= radius of curvature of the drop at its apex.
For angles higher than 150 degrees the deformation becomes 3 or 4 orders of magnitude higher than for angles lower than 50 degrees, assuming fixed R, ∆ρ and γ values [34] .
The calculated ∆ρ / γ ratio shows the lowest value for anisole and the highest for isopropyl ether ( [39] .
The "dipolar width" describes the distance required for a dielectric environment to change from one phase to another and research on modeling this region is required [40] .
However, these predictions have largely gone untested owing to difficulties associated with probing buried interfaces.
The analysis of the impedance parameters associated with the second time constant (equation 3) denotes a complex process and the presence of overlapped peaks make the
analysis difficult [20] The pathway of oxygen activation in oxidation reactions on gold catalysts has been extensively studied; however, this topic is still under discussion [42] . Oxygen addition rate is critical to leaching of gold ores and too much oxygen results in very slow leaching kinetics [43] .
The selectivity and efficiency of novel metallic gold catalysts are associated with chemisorbed molecular and atomic oxygen, oxygen atoms dissolved in the bulk, and gold oxide [42, [44] [45] [46] [47] . On the other hand, reducing pre-treatments increases the catalytic activity of the samples, while oxidative treatments deactivate the catalyst [48] .
The splitting in the Bode diagrams (Figs. 4b and 5b) is only shown when the holding is made in both the 0.04 V ≤ E ≤ 0.6 V and the 0.6 V ≤ E ≤ 1.2 V potential region, indicating the effect of the hydrogen absorption on the structure and faceting of the oxide anodically grown.
In spite of the progress on the characterization of electrochemical interfaces in situ, a consensus on the predominant reaction mechanism for the hydrogen evolution reaction (HER) on coin metals has not been reached. [49] . HER proceeds via the Heyrovsky reaction on Pt(100) and the Tafel reaction on Pt(110).
The under potential deposited hydrogen state H upd is observed starting at ca. 0.35 V and increases to lower potentials up to coverage θ ≅ 1 at overpotentials (HER) η = 0.
However, the overpotential deposited hydrogen H opd has been suggested to be more reactive than the H upd and only the species H opd takes part in the hydrogen evolution reaction. A H opd of about θ ≅ 0.18 is reported at η = 0 V [50] .
On Au(111) the surface is free of H atom at potentials above -0.4 V and the Heyrovsky mechanism prevails [51] . Recent work has shown no hydrogen evolution in the 0.1 V ≤ E ≤ 0.5 V potential range, but the metal is loaded with atomic hydrogen [19] .
Besides the hydrogen absorption, other processes like oxygen reduction and phosphate adsorption can take place in the 0.1 V ≤ E ≤ 1.2 potential range. These processes are disregarded in the present discussion as the possible source of the reported effects. The dissolved oxygen is eliminated by intense nitrogen bubbling. Phosphate adsorption is a relatively reversible process with lower hysteresis than the hydrogen absorption and at low potentials Au(111) is reported as apparently adsorbate free [52] [53] .
Little information is available on the details of proton hydration at interfaces [54] .
Calculations are reported on the first step in the hydrogen evolution reaction, which is the transfer of a proton from the solution to the electrode surface H On the other hand, after hydrogen treatment the surface oxides can be formed more easily and be reduced with a greater difficulty than on the fresh gold surface. These results are attributed to hydrogen penetration into the metal lattice [56] [57] [58] . Also, at 0.7 V the surface reconstructions of the plane (100) lifts and the hydrogen absorption is higher at more anodic potentials [19] .
It is well known that the degree of solubility of hydrogen is significantly lower in water than in organic solvents, and among organic solvents it is higher in aliphatic than in aromatic compounds, while generally it is higher in liquids with greater molecular sizes.
Many investigations report a solubility of hydrogen 10 times higher in hexane than in water and intermediate value in polar organic solvents [59] [60] [61] [62] [63] [64] [65] [66] . This may strongly influence the phenomenon under study, capturing a significant quantity of hydrogen and maintaining it in a very strategic position. Moreover, the solubility of hydrogen increases dramatically over bulk values when the liquid size is reduced down to 5-15 nm [65] [66] . Although a very low stationary cathodic current rises in the 0.04 V ≤ E ≤ 0.6 V double layer region ,the accumulation of hydrogen in the confined aqueous layer can achieve a high local concentration in the presence of the solvent drop. The synergetic effect of the hydrogen and the subsequent anodization in the 0.6 V ≤ E ≤ 1.2 V range produce a local incipient oxidation that increases notably the inhomogeneity of the oxide monolayer grown at 1.7 V. Table 3 . Surface tension of the different solvents, γ, and the the difference of density between the two phases solvent/water, ∆ρ.
CONCLUSIONS
Highlights
1)
Gold oxide is grown in a confined aqueous layer on gold polycrystalline electrodes.
2) The contact angle of the captive drop of the organic solvents is near to 180 degrees.
3) The effect of the buoyancy effect on the contact angle is discussed. 4) After catodization the Bode diagram shows a splitting of the phase peak. 5) Hydrogen dissolved in the bulk metal and in the confined aqueous layer produces a faceting of the aged oxide.
